###### Strengths and limitations of this study

-   The large size and study detail of the UK Biobank enabled us to conduct a comprehensive evaluation of sex differences in the differences in body size associated with diabetes, separately for type I and II diabetes, and across clinically meaningful subgroups.

-   The identification of individuals with diabetes, and the classification into type I or II diabetes, was based on self-reported data, and misclassification of diabetes status will have occurred. However, any misclassification will have been similar in women and men, and thus, the between-sex comparisons remain valid.

-   Blood samples, while drawn in all UK Biobank participants, are not yet available for analysis. We were therefore unable to examine sex differences in body size associated with diabetes at different stages of the glucose tolerance spectrum, before the clinical diagnosis of diabetes.

-   Body size was only measured at study baseline, which for some participants (particularly those with type I diabetes) was already several decades after the diagnosis of diabetes. We were therefore unable to determine whether the greater differences in body size in diabetes in women than in men are the result of diabetes itself, or whether they occurred in the transition from normoglycaemia to the manifestation of overt diabetes.

-   The cross-sectional nature of the analyses did not enable us to make causal inferences about the role of sex differences in body size on the association between diabetes and chronic disease outcomes. In the future, these can be explored in the UK Biobank once sufficient numbers of events have accrued.

Introduction {#s1}
============

Diabetes is a global health problem. An estimated 387 million individuals worldwide have diabetes, and its prevalence is expected to rise to 438 million individuals by 2035.[@R1] [@R2] The vast majority (90%) of individuals with diabetes have type II diabetes while the remaining 10% are individuals with the autoimmune condition of type I diabetes. Aside from population growth and ageing, increasing rates of overweight and obesity worldwide, are considered to be responsible, in large part, for the inexorable rise in the incidence of diabetes.

Diabetes, in either form, greatly increases an individual's risk of a wide range of conditions, with cardiovascular disease (CVD) being the most common adverse outcome. People with diabetes have about twice the risk of CVD compared with those without diabetes, and it is estimated that CVD accounts for 44% of all fatalities in people with type I diabetes, and for 52% of all fatalities in type II diabetes.[@R3] These estimates, however, assume that diabetes confers the same level of excess risk in women as in men, which is unlikely to be correct. Recent meta-analyses have demonstrated reliably that women with diabetes have a significantly, and clinically important, higher excess risk of both coronary heart disease (CHD) and stroke as compared with similarly affected men.[@R4] [@R5] While these meta-analyses predominantly included individuals with type II diabetes, we also observed a greater excess risk of all-cause mortality and vascular events in women with type I diabetes, as compared with men.[@R6]

The mechanisms underlying these sex differences in the relationship between diabetes and CVD outcomes are not fully understood. However, accruing evidence suggests that real biological differences between men and women underpin the excess risk of diabetes-related cardiovascular risk in women. A sex differential in patterns of adiposity storage may be of particular importance.[@R7] Previous studies have shown that levels of waist circumference and body mass index (BMI) differed more between women with and without diabetes than between men with and without diabetes.[@R4] [@R8] Moreover, analyses of the UK general practice research database indicated that men develop diabetes at a lower level of BMI compared with women, with levels of BMI being almost 2 units higher in women than in men at the time of diagnosis with type II diabetes.[@R9] The role of body size in type I diabetes is less well established, yet there is increasing evidence that it may play a role in both the development of the condition itself, as in the transition to insulin resistance, the key feature of type II diabetes.[@R10] [@R11]

We used data on 480 000 individuals from the UK Biobank without history of CVD to characterise the sex-specific differences in body anthropometry associated with type I and II diabetes. We then examined whether body size differs more between women with and without diabetes than between men with and without diabetes, separately for type I and II diabetes.

Methods {#s2}
=======

Study population {#s2a}
----------------

Baseline data were used from the UK Biobank, a large, prospective, population-based cohort study established to examine the lifestyle, environmental and genetic determinants of a range of diseases of adulthood.[@R12] Between 2006 and 2010, 502 712 men and women aged 40--69 years at baseline attended 1 of the 22 centres across the UK for detailed baseline assessment that involved collection of extensive questionnaire data, physical measurements and biological samples. In order to determine whether a sex difference in body composition associated with diabetes could explain the findings from previous meta-analyses,[@R4] [@R5] analyses were restricted to individuals without a self-reported medical history of stroke or CHD. Participants with missing data on history of diabetes were excluded.

Definitions and measurements {#s2b}
----------------------------

The presence of diabetes was based on a self-reported medical diagnosis. Age at first diagnosis of diabetes, and the use of medications for cholesterol, blood pressure or diabetes regulation were self-reported at study baseline. Type I diabetes was defined as the presence of the combination of a self-reported medical diagnosis of diabetes, an age at first diagnosis before 30 years, and the use of an insulin product. All other participants with a self-reported medical diagnosis of diabetes were considered to have type II diabetes. Smoking status was self-reported. Socioeconomic status was measured using the Townsend Deprivation Score, an area of residence-based index of material deprivation. Baseline physical measurements were obtained by trained staff using standardised procedures and regularly calibrated equipment. Blood pressure was measured using the Omron HEM-7015IT digital blood pressure monitor. Standing height was measured using a Seca 202 height measure. Waist and hip circumference were measured using a Wessex non-stretchable sprung tape measure. Weight and body fat percentage were measured using the Tanita BC-418 MA body composition analyser. BMI was calculated by dividing weight (kg) by the square of the standing height (m^2^). Waist-to-hip ratio was derived by dividing the waist circumference by the hip circumference.

Statistical analyses {#s2c}
--------------------

Baseline characteristics are presented as means (SD) for continuous variables and as percentages for categorical variables, separately by sex and diabetes status. Linear regression analyses were used to estimate the diabetes minus no diabetes differences in mean levels of cardiovascular risk factors, separately by sex and diabetes subtype. Linear regression analyses were also used to estimate the women minus men differences in the differences in mean risk factor levels conferred by type I or II diabetes. All models were adjusted for age. Secondary analyses were stratified by age at study baseline, socioeconomic status, ethnic background, time since diagnosis of diabetes and age at diagnosis of diabetes. In the sensitivity analyses, we also included individuals with pre-existing CVD, and defined type I diabetes as (1) an age at diagnosis \<35 years and the exclusive report of insulin (and no other diabetes treatment) and (2) an age at diagnosis \<35 years and having started insulin within 1 year of diagnosis of diabetes. R V.2.15.3 was used for all analyses.

Results {#s3}
=======

Baseline characteristics of the 480 813 study participants are shown in [table 1](#BMJOPEN2015010007TB1){ref-type="table"}. Of these, 55% were women, 827 (45% women) had type I diabetes and 22 626 (42% women) had type II diabetes. Mean age at study baseline was 56 (SD 8) years, with individuals with type I diabetes being slightly younger, and individuals with type II diabetes being slightly older than their counterparts without diabetes. Individuals with type I diabetes were, on average, diagnosed with the condition when 18 years of age (SD 7), and individuals with type II diabetes had a mean age of 52 (SD 11) years at time of diagnosis (see eFigure 1).

###### 

Baseline characteristics of study participants by sex and diabetes type

                                               Women            Men                                                           
  ---------------------------------- --------- ---------------- -------------- -------------- ---------------- -------------- --------------
  N                                  480 813   256 757 (96.3)   369 (0.1)      9396 (3.5)     200 603 (93.6)   458 (0.2)      13 230 (6.2)
  Age (years)                        480 813   56.2 (8.0)       53.7 (7.8)     58.8 (7.4)     56.2 (8.2)       55.4 (8.1)     59.8 (7.0)
  Ethnic background                  479 369                                                                                  
   White                                       94.8             93.8           84.9           94.7             93.9           87.5
   Mixed or non-white                          5.0              5.7            14.7           4.9              5.9            12.0
  Systolic blood pressure (mm Hg)    448 985   135.0 (19.3)     137.3 (17.5)   139.5 (17.9)   140.9 (17.4)     141.0 (16.0)   142.6 (16.9)
  Diastolic blood pressure (mm Hg)   448 990   80.7 (10.0)      74.6 (9.0)     80.9 (9.8)     84.4 (10.0)      77.3 (9.6)     82.5 (9.5)
  Height (m)                         475 486   162.6 (6.3)      163.1 (6.5)    160.9 (6.5)    175.9 (6.8)      175.1 (7.3)    174.4 (6.8)
  Weight (kg)                        475 288   70.9 (13.7)      73.9 (15.2)    83.2 (18.3)    85.3 (13.8)      86.4 (16.5)    94.1 (17.8)
  Waist circumference (cm)           475 805   84.1 (12.1)      86.8 (14.3)    98.1 (14.9)    96.1 (10.8)      98.2 (13.8)    105.5 (13.4)
  Hip (cm)                           475 755   103.0 (10.1)     104.8 (10.9)   111.0 (13.9)   103.1 (7.3)      104.4 (9.3)    107.3 (10.0)
  BMI (kg/m^2^)                      475 002   26.9 (5.0)       27.7 (5.2)     32.1 (6.7)     27.5 (4.0)       28.2 (4.7)     30.9 (5.3)
  Waist-to-hip ratio                 475 712   0.81 (0.07)      0.83 (0.09)    0.88 (0.08)    0.93 (0.06)      0.94 (0.08)    0.98 (0.07)
  Body fat (%)                       468 631   36.4 (6.8)       36.1 (7.1)     41.4 (6.7)     24.9 (5.7)       24.1 (6.9)     28.9 (5.9)
  Smoking status (%)                 480 809                                                                                  
   Never                                       59.7             59.1           58.5           50.5             52.6           40.0
   Previous                                    31.2             33.3           32.2           36.8             36.5           47.3
   Current                                     8.8              7.3            8.7            12.3             10.3           12.0
  Socioeconomic status               480 211                                                                                  
   Lower                                       18.4             23.0           29.8           19.0             27.3           28.2
   Middle                                      29.9             33.6           30.9           29.1             27.3           29.3
   Higher                                      51.5             43.4           39.1           51.7             45.4           42.4
  Antidiabetic medications (%)       480 813                                                                                  
   Insulin product                                              100.0          14.0                            100.0          13.3
   Any oral antidiabetic drugs                                  16.8           53.3                            19.2           58.1
  Lipid-lowering medication (%)      480 813   7.7              65.9           61.8           12.6             75.1           68.9
  Antihypertensive medications (%)   480 813   11.6             55.0           52.7           14.7             66.8           59.0
  Age at diagnosis (years)           18 381                     17.8 (7.4)     52.6 (10.5)                     18.4 (7.2)     51.9 (11.3)

Type I diabetes was defined as an age at diagnosis \<30 years, and using insulin. All other participants with a self-reported history of diabetes were classified as type II diabetes.

BMI, body mass index.

Medication use {#s3a}
--------------

In individuals without diabetes, 8% of women and 13% of men used some form of lipid-level modifying therapy, mostly statins, and 12% of women and 15% of men were on blood pressure-lowering medications. In individuals with type I diabetes, 66% of women and 75% of men were on lipid-level modifying therapies, and 55% of women and 67% of men used blood pressure-lowering therapies. In type II diabetes, 62% of women and 69% of men were on lipid level-lowering therapy, and 53% of women and 59% of men used blood pressure-lowering medications. In individuals with type I diabetes, 17% of women and 19% of men used oral glucose-lowering therapies in addition to insulin. In type II diabetes, 59% of women and 63% of men were on some form of glucose level lowering medications, mostly metformin.

Differences in body size in men and women with type I diabetes {#s3b}
--------------------------------------------------------------

Body size was generally slightly less favourable in individuals with type I diabetes than in individuals without diabetes ([table 2](#BMJOPEN2015010007TB2){ref-type="table"}). For example, waist circumference was 3 cm greater in women with type I diabetes, and 2 cm greater in men with type I diabetes as compared to their non-affected counterparts. BMI was also somewhat higher in women and men with type I diabetes. The women-to-men differences in the sex-specific differences indicated that differences in levels of body size in women were similar to those observed in men ([figure 1](#BMJOPEN2015010007F1){ref-type="fig"}). Differences between women and men in waist circumference and BMI were generally similar across a range of subgroup analyses ([table 3](#BMJOPEN2015010007TB3){ref-type="table"}). Defining type I diabetes as those individuals aged \<35 years at diagnosis who reported using insulin but no other diabetes treatment, or as an age at diagnosis \<35 years and having started insulin within 1 year of diagnosis of diabetes, did not alter the findings materially (see eTables 1 and 2).

Differences in body size in men and women with type II diabetes {#s3c}
---------------------------------------------------------------

Irrespective of the measure, body size was significantly larger in individuals with type II diabetes than in those without diabetes ([table 2](#BMJOPEN2015010007TB2){ref-type="table"}). Women with type II diabetes had a waist circumference that was about 14 cm greater, and a BMI that was 5 kg/m^2^ higher than women without diabetes. Waist circumference was 9 cm greater, and BMI was 3 kg/m^2^ higher in men with type II diabetes as compared with men without diabetes. Consequently, sex differences (women minus men) in measures of body size between those with and without diabetes were greater in women than in men: for BMI, the sex difference was 2 kg/m^2^ and 5 cm for waist circumference. These sex differences were consistently observed across subgroup analyses based on age at study baseline, socioeconomic status, time since diagnosis of diabetes, and age at diagnosis ([figure 2](#BMJOPEN2015010007F2){ref-type="fig"}). Results were virtually identical in the sensitivity analyses among all individuals, including those with pre-existing CVD (see eTable 3).

###### 

Age-adjusted differences (95% CIs) in baseline characteristics between individuals with and without diabetes, by sex and diabetes type

                             Women                    Men                                               
  -------------------------- ------------------------ ------------------------ ------------------------ ------------------------
  Weight (kg)                2.84 (1.41 to 4.27)      12.40 (12.11 to 12.69)   1.05 (−0.25 to 2.35)     9.33 (9.08 to 9.58)
  Waist circumference (cm)   3.11 (1.86 to 4.36)      13.63 (13.38 to 13.88)   2.17 (1.16 to 3.18)      8.92 (8.73 to 9.12)
  Hip (cm)                   1.84 (0.79 to 2.89)      7.92 (7.71 to 8.14)      1.25 (0.57 to 1.94)      4.24 (4.11 to 4.38)
  BMI (kg/m^2^)              0.93 (0.41 to 1.45)      5.17 (5.07 to 5.28)      0.62 (0.24 to 1.00)      3.34 (3.26 to 3.41)
  Waist-to-hip ratio         0.014 (0.007 to 0.021)   0.065 (0.064 to 0.067)   0.009 (0.003 to 0.014)   0.046 (0.045 to 0.047)
  Body fat (%)               0.04 (−0.66 to 0.74)     4.68 (4.54 to 4.82)      −0.70 (−1.23 to −0.17)   3.65 (3.55 to 3.75)

Type I diabetes was defined as an age at diagnosis \<30 years, and using insulin. All other participants with a self-reported history of diabetes were classified as type II diabetes.

BMI, body mass index.

###### 

Subgroup analyses of women minus men difference in age-adjusted differences (95% CIs) in waist circumference and BMI associated with type I diabetes

                                 Type I diabetes        
  ------------------------------ ---------------------- ----------------------
  Age at baseline (years)        \<55                   ≥55
   Waist circumference (cm)      2.56 (0.24 to 4.88)    1.10 (−1.14 to 3.34)
   BMI (kg/m^2^)                 0.91 (−0.05 to 1.87)   0.40 (−0.48 to 1.29)
  Socioeconomic status           Higher SES             Lower SES
   Waist circumference (cm)      0.47 (−1.81 to 2.75)   0.95 (−1.31 to 3.20)
   BMI (kg/m^2^)                 0.35 (−0.55 to 1.25)   0.11 (−0.82 to 1.04)
  Time since diagnosis (years)   \<30                   ≥30
   Waist circumference (cm)      1.74 (−1.39 to 4.87)   0.60 (−1.24 to 2.44)
   BMI (kg/m^2^)                 0.78 (−0.47 to 2.04)   0.09 (−0.65 to 0.83)
  Age at diagnosis (years)       \<18                   ≥18
   Waist circumference (cm)      0.98 (−1.38 to 3.33)   0.84 (−1.30 to 2.99)
   BMI (kg/m^2^)                 0.21 (0.73 to 1.16)    0.31 (−0.55 to 1.18)
  Ethnic background              White                  Mixed or non-white
   Waist circumference (cm)      0.92 (−0.73 to 2.58)   0.77 (−6.02 to 7.55)
   BMI (kg/m^2^)                 0.27 (−0.39 to 0.94)   0.89 (−2.01 to 3.79)

Type I diabetes was defined as an age at diagnosis \<30 years, and using insulin.

BMI, body mass index.

![Women minus men difference in age-adjusted differences (95% CIs) in body size measures associated with type I and II diabetes. Type I diabetes was defined as an age at diagnosis \<30 years, and using insulin. All other participants with a self-reported history of diabetes were classified as type II diabetes (BMJ, body mass index).](bmjopen2015010007f01){#BMJOPEN2015010007F1}

![Subgroup analyses of women minus men difference in age-adjusted differences (95% CIs) in waist circumference and BMI associated with type II diabetes. Type I diabetes was defined as an age at diagnosis \<30 years, and using insulin. All other participants with a self-reported history of diabetes were classified as type II diabetes (SES, socioeconomic status).](bmjopen2015010007f02){#BMJOPEN2015010007F2}

Discussion {#s4}
==========

Multiple studies have shown that the excess risk of CVD associated with both type I and II diabetes is considerably greater in women than in men.[@R4] Several explanations have been propounded to explain the excess vascular hazard conferred by diabetes in women compared with men including sex differences in behaviour, treatment and physiology, but the evidence for any of these remains largely speculative.[@R13] Given the strong causative role that body size has on risk of diabetes (in particular, type II diabetes) and subsequent vascular disease, we explored whether sex differences in measures of body size in individuals with and without diabetes exist using data from the large contemporary middle-aged population of the UK Biobank. Overall, we observed body size to be substantially greater in individuals with diabetes than in those without diabetes, especially for type II diabetes. Moreover, the difference in mean body size between those with and without type II diabetes was significantly larger in women than in men (but not for type I diabetes) suggesting that greater body size may underpin some of the excess vascular risk in women with type II diabetes relative to men.

Sex differences in measures of body size among individuals with type II diabetes are in line with previous reports of a greater metabolic deterioration in the transition to diabetes in women than in men.[@R8] [@R9] [@R14] We have previously hypothesised that it may not be sex differences in the effects of diabetes itself, but rather the more detrimental metabolic changes for women before the onset and treatment of overt diabetes that explains the excess risk of CVD associated with diabetes.[@R13] This hypothesis is supported by data from the British Regional Heart Study, and the British Women\'s Health and Heart Study, which showed that women with diabetes had greater relative differences in many cardiovascular risk factors than men with diabetes, which were potentially mediated by greater differences in central adiposity and insulin resistance in women.[@R8] Moreover, the UK Prospective Diabetes Study demonstrated that women with newly diagnosed type II diabetes were considerably more obese than their male counterparts, being 141% vs 120% of ideal body weight, respectively.[@R18] Similar results were found in diabetes registries in England and Scotland; mean level of BMI was nearly 2 kg/m^2^ higher in women than men when first diagnosed with diabetes.[@R9] [@R16] Both studies demonstrated that the difference in BMI at the time of diagnosis of diabetes was most marked at younger ages and narrowed with advancing age. The Scottish data showed that the difference in BMI at diagnosis with diabetes was unrelated to the levels of glycated haemoglobin (HbA1c) levels within 1 year of diagnoses.[@R16] These data indicate that men and women were diagnosed at a similar stage of disease, despite the higher consultation rates in women in the general population.[@R19] The greater difference in body size associated with diabetes type II in women as compared to men might be explained by differences between men and women in adiposity storage capacities. Women generally have more subcutaneous fat storage capacities than men, and therefore need to gain more weight before the less hazardous subcutaneous storage becomes exhausted and excess adipose tissue is placed into the more visceral and ectopic tissues linked to insulin resistance and diabetes. Hence, this sex difference in the preferential location of fat storage, and the associated greater metabolic deterioration in women than in men, may explain some of the greater excess risk for CVD observed in women with type II diabetes, compared with their male counterparts.

Although overweight and obesity are widely understood to be linked to insulin resistance and type II diabetes, its contribution to the onset and progression of type I diabetes is not fully understood. However, the rise in incident type I diabetes runs contemporaneous with the obesity epidemic, implying a possible aetiological role of obesity in type I diabetes.[@R20] [@R21] A recent nationwide cohort study among 1.2 million Swedish children born between 1992 and 2004 examined the association between maternal body size and the risk of type I diabetes in offspring.[@R22] Children of parents without diabetes had a significant 10% and 33% increased risk of type I diabetes when the mother was overweight or obese (compared with having a mother of normal weight), respectively. No increases in risk were found among children of parents with diabetes. A large-scale analysis pooling data from 29 studies including 12 807 cases of type I diabetes showed that every 500 g additional birth weight was associated with a 4% increased risk of type I diabetes,[@R23] independent of possible confounding factors such as gestational age, maternal age, breastfeeding, Caesarean section delivery and maternal diabetes. Likewise, a meta-analysis of nine studies comprising a total of 2700 cases of type I diabetes showed that childhood obesity,[@R24] and a 1 SD higher BMI increased the risk of type I diabetes, with pooled ORs of 2.03 and 1.25 for childhood obesity and childhood BMI, respectively. While these findings support the role of obesity in the occurrence of type I diabetes, none of these studies specifically examined whether the impact of obesity in the development and progression of type I diabetes, and its effects on vascular-related disease, is equivalent between the sexes.

In conclusion, differences in body size associated with diabetes were significantly greater in women than in men in type II diabetes but not in type I diabetes. A greater difference in body anthropometry associated with diabetes in women compared with men might be responsible for the greater excess risk for CVD in women with type II diabetes as compared to men. Sex differences in the effect of type I diabetes and vascular events, however, are likely to be driven by mechanisms other than body anthropometry. These hypotheses can be explored in the UK Biobank once sufficient numbers of events have accrued. In either case, adequate weight control remains crucial for the prevention or delay of diabetes, and for the onset of its major vascular complications.
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